Biomarkers for active tuberculosis (TB) are urgently needed. Mycobacteria produce membrane vesicles (MVs) that contain concentrated immune-modulatory factors that are released into the host. We evaluated the human immune responses to BCG and M. tuberculosis MVs to characterize the antibody responses and identify potentially novel TB biomarkers. Serological responses to MVs were evaluated by ELISAs and immunoblots with sera from 16 sputum smearpositive, 12 smear-negative HIV uninfected pulmonary TB patients and 16 BCG vaccinated Tuberculin skin-test positive controls with and without latent tuberculosis infection. MVs from both BCG and M. tuberculosis induced similar responses and were strongly immunogenic in TB patients but not in controls. Several MV-associated antigens appear to induce robust antibody responses, in particular the arabinomanan portion of the cell wall glycolipid lipoarabinomannan. Three proteins at ~36, 25, and 23 kDa were simultaneously recognized by sera from 16/16 smearpositive, 9/12 smear-negative TB patients and 0/16 controls. These results provide promise and encouragement that antibody responses to proteins enriched in MVs of pathogenic mycobacteria may constitute a novel TB biomarker signature that could have diagnostic information.
Introduction
The identification of easily detectable biomarkers for active tuberculosis (TB) is a global health priority 1, 2 . TB remains a worldwide public health problem underscored by an estimated 8.7 million new cases in 2011 with almost one million TB-associated deaths among HIV− and ~0.43 million among HIV+ people 3 . Rapid TB diagnosis and treatment leads to reduced transmission, morbidity and mortality but is often delayed, especially in resource-limited settings where the vast majority of people with TB reside. Thus, TB biomarkers that can lead to simple rapid point-of-care (POC) tests are urgently needed.
The gold standard test for TB diagnosis remains the detection of Mycobacterium tuberculosis in culture 4 . However, culture methods necessitate a laboratory infrastructure and entail incubation times of weeks to months. Molecular methods for detecting M. tuberculosis-specific nucleic acids, especially the recently WHO endorsed GeneXpert M.TB/RIF, have revolutionized the rapid diagnosis of drug-sensitive and resistant TB [5] [6] [7] [8] . However, they are costly and require technological investment. Therefore, although limited by a sensitivity of around 50% [9] [10] [11] , microscopy remains the most widely used method for rapid TB diagnosis, and often is the only test available in resource-limited settings. Despite ongoing research efforts a simple inexpensive POC test, applicable in all settings, is still not available 8, 12 .
Serum antibodies (Abs) can be detected by rapid "dip-stick" formats suitable for POC testing [13] [14] [15] , but no accurate serodiagnostic tests for TB have been developed to date [16] [17] [18] . We have recently reported that pathogenic mycobacteria produce membrane vesicles (MVs) that are released into the extracellular space and contribute to mycobacterial virulence in mice 19 . These MVs vary in diameter between 60 to 300 nm and their composition includes glycolipids and a large number of lipoproteins. MVs provide an effective way for intracellular bacteria to release concentrated immune-modulatory factors into the host. Hence, the assessment of the host immune response to MVs provides a unique opportunity for identification of novel biomarkers. The objective of this study was to evaluate the serological responses to mycobacterial MVs in human TB cases and controls. We demonstrate that MVs from M. tuberculosis and M. bovis Bacillus Calmette-Guérin (BCG) elicit strong Ab responses in humans that include reactivity with a set of MV proteins to produce a serological profile that is highly sensitive and specific for TB and thus potentially constitutes a new TB biomarker.
Subjects, Materials and Methods

Subjects and Study Design
Subjects were 21 -80 years old and enrolled at 4 public hospitals in New York City from 2007-2010. All subjects were HIV uninfected and either had pulmonary TB (n=28) or were healthy asymptomatic controls with a positive tuberculin skin-test (TST+; n=16). TB cases were confirmed by a positive respiratory culture for M. tuberculosis (gold standard) and enrolled prior to, or within the first 7 days, of antituberculous treatment. They were further categorized by sputum smear microscopy results and considered smear-positive if one of the initial three sputum smears were positive regardless of number of acid-fast bacilli (AFB) detected. Controls were asymptomatic TST+ health care providers who were all BCG vaccinated and reported a positive exposure history to patients with TB. TST+ controls had no abnormalities on chest X-ray and were further categorized based on results for an interferon-gamma release assay (IGRA; QuantiFERON®-TB Gold, Celestis, Australia). Nine/16 controls had a negative IGRA result and were considered TST+ due to a history of BCG vaccination. Seven/16 had a positive IGRA result and were considered to have latent tuberculosis infection (LTBI). All subjects provided written informed consent prior to enrollment. Approval for human subjects' research was obtained from the Internal Review Boards at the New York University School of Medicine, NY, NY, and the Albert Einstein College of Medicine, Bronx, NY.
Mycobacterial MV Preparation
Vesicles were isolated through a series of gradient filtration and centrifugation steps as previously described 19 . Essentially, M. tuberculosis (strain H37Rv), obtained from the Trudeau Institute (Saranac Lake, NY), or M. bovis BCG (Pasteur strain), obtained from the Statens Serum Institute (Copenhagen, Denmark), were grown in mid-logarithmic phase at 37°C in roller bottles containing minimal media. Mycobacteria were harvested after 10 days of growth and pelleted to remove cell fractions. The supernatant was then filtered through a 0.45 μm polyvinylidene difluoride membrane filter (Millipore, MA) and concentrated using a 100-kDa exclusion filter with an Amicon Ultrafiltration System (Millipore, MA). The concentrate was ultracentrifuged at 60,000 rpm for 1 h at 4°C to sediment the vesicular fraction into a pellet which was resuspended in PBS. The protein concentration of the MV preparation was determined using a BCA Protein Assay Kit (Thermo Scientific, IL).
Antibody Detection Assays
Antibody reactivity to MVs was determined via enzyme-linked immunosorbent assay (ELISA) as described 20, 21 . Briefly, 96-well microtiter plates (Immulon 2HB, Fisher Scientific, NY) were coated with either 4 μg/ml protein concentration of MVs, 10 μg/ml of lipoarabinomannan (LAM) or arabinomannan (AM), or 4 μg/ml of antigen 85B (Ag 85B) for 1 h and then blocked with 3% BSA/0.1% PBST over night. LAM prepared from the Mtb strain H37Rv and Ag85B prepared from culture filtrates of H37Rv were obtained from the Biodefense and Emerging Infectious Disease Research Resources Repository (BEI Resources; Manassas, VA). AM was prepared from the Mtb strain H37Rv and the BCG Pasteur strain as described 21 . Serum samples diluted at 1:50 were added in duplicates to the coated wells and Abs were detected via either Protein A-alkaline phosphatase (AP) (Sigma, MO) for immunoglobulin (Ig) G, goat anti-human IgA-AP or goat anti-human IgM-AP (Southern Biotech, AL). IgG subclass reactivity was detected using anti-human IgG1-AP, IgG2-AP, IgG3-AP, or IgG4-AP (Southern Biotech, AL). All secondary Abs were used at a concentration of 1 μg/ml (1:1000). The positive control consisted of a serum sample from a TB patient with known high Ab reactivity to a wide range of mycobacterial antigens. The negative controls consisted of wells treated in the same manner as described above without the addition of serum.
Antibody response profiles to MV proteins were analyzed by immunoblotting. A solution with 50 μg of MVs was electrophoresed in 4% stacking and 12% SDS polyacrylamide resolving gel as described 22 . Briefly, the gel proteins were transferred to a membrane via the Invitrogen iBlot ® Dry Blotting System (Life Technologies, NY) after which the membranes were blocked for 1h using 5% milk in TBS + 0.01% Tween 20. Serum samples diluted at 1:100 were incubated at 4°C over night using the multi-channel blotting system Surf-Blot 7.5 (Idea Scientific, MN). The membranes were washed and incubated for 45 min with Protein A-AP (1:1000; Sigma, MO) and the bands were visualized using SIGMAFAST BCIP ® /NBT substrate (Sigma, MO). Band intensity was analyzed by densitometry using ImageQuant TL, Version 7.0 (GE Healthcare, PA) 23, 24 . Backgrounds were determined for each lane individually and set as a straight line at the lowest point of the histological profile of the lane. Bands were considered positive if the band volume (pixel 3 ), representing the bands signal intensity as well as thickness, was greater than the cut-off determined by receiver operating characteristics (ROC) curve analysis.
Monoclonal antibodies (mAbs)
Mtb and BCG MV-associated proteins have been previously identified via proteomic analysis 19 . To further identify antigens reactive with TB+ sera in Western blots we obtained available mAbs against MV proteins in the molecular weight range of our target antigens. These included two different mAbs against the Ag85 complex, clones CS-90 and IT-44, and an mAb against the lipoprotein LprG, clone α-RV1411c (BEI Resources, Manassas, VA). An mAb against the MTP64 protein is commercially available (SunnyLab, Sittingbourne, UK) but was not available at the time of the study, and was not tested. The vesicle blots were processed as above with mAbs diluted 1:50 (1 ug/ml) and developed with anti-mouse IgG (H+L) (Southern Biotech, Birmingham, AL) at a concentration of 1:1000 (1 ug/ml).
Statistical Analysis
Statistical analysis was done using the Prism software, version 5.02 (GraphPad Inc., CA) and STATA software, version 9.2 (StataCorp, TX). We used non-parametric tests, such as Mann-Whitney U test and Spearman rank correlation test, for all comparisons because Ab responses to some MV antigens were not normally distributed. Optimal cut-off value for band intensity in immunoblots was determined by ROC analysis as described 25 .
Results
Our overall objective was to evaluate the serological responses to MVs from pathogenic mycobacteria in TB patients compared to TST+ controls. We initially evaluated the Ab responses to whole MVs, followed by the delineation of Ab responses to MV-associated glycolipids and protein antigens.
Antibody responses to entire mycobacterial MVs
We initially determined Ab responses to whole MVs via ELISA. Although there were some differences between patient groups, overall Ab isotype responses against M. tuberculosis MVs correlated strongly and significantly with those against BCG MVs for both TB+ cases and controls (r=0.90, p<0.0001 for IgG; r=0.81, p<0.0001 for IgM; and r= 0.78, p<0.0001 for IgA). The predominant isotype response against MVs was IgG which was significantly higher in TB cases than TST+ BCG vaccinated controls (p < 0.0001; Fig. 1A ). IgA and IgM responses were generally lower, and the difference between TB cases and controls remained only significant for IgA (p < 0.001 for IgA and p=0.09 for IgM; Fig. 1B&C) . None of the isotype responses were significantly different between TST+ IGRA− and TST+ IGRA+ healthy controls. Of note, IgG responses against M. tuberculosis MVs were significantly higher in smear-positive compared to smear-negative TB cases (p=0.03; Fig. 2A) , a difference that was not observed for IgG responses against BCG MVs (Fig. 2B) . IgG responses were mostly due to subtypes IgG1 and IgG2 with little to no contribution from IgG3 and IgG4.
Antibody responses to specific mycobacterial MV antigens
To identify antigens that contributed to MV immunogenicity, we correlated Ab responses to whole MVs with those to one of the major MV antigens, LAM, as well as to the protein antigen Ag 85B. M. tuberculosis and BCG MVs are comprised of almost 40% of cell wall and cell processes-associated proteins and contain an abundance of the glycolipid cell wall antigen LAM 19 . The Ag 85B has cell wall mycolyltransferase activity and has been identified in mycobacterial MVs and exosomes 19, 26, 27 . IgG reactivity to whole MVs and LAM correlated strongly and significantly in TB cases and controls (r=0.83, p<0.0001; Fig.  3A ). In addition, we evaluated IgG reactivity to AM and found a similarly strong correlation (r=0.80, p<0.0001), suggesting that Ab responses were elicited by this highly immunogenic portion of LAM. This correlation was similarly strong regardless whether MVs and AM were isolated from BCG or M. tuberculosis. The correlation between IgG responses to MVs and Ag 85B was weaker but also highly significant (r=0.56, p<0.0001; Fig. 3B ).
Antibody profiles to mycobacterial MV proteins
Immunoblot profiles with M. tuberculosis and BCG MVs revealed a reactive IgG pattern with sera from TB patients that was absent with sera from TST+ BCG vaccinated controls (Fig. 4A+B) . Compared to BCG MV immunoblots, an overall higher background intensity was observed with M. tuberculosis MV immunoblots but no additional bands were identified.. This is consistent with the results of proteomic analysis, identifying 66 proteins in BCG MVs in contrast to 48 in M. tuberculosis MVs 19 . Therefore, BCG MV immunoblots were utilized for visual and quantitative analysis of band intensity. Of note is that band intensities varied according to culture duration of mycobacteria prior to MV harvest. Thus, a culture protocol with MV harvest after 10 days was implemented to assure reproducibility of the antigen profiles. Overall, several more bands were recognized with smear-positive compared to smear-negative TB samples in BCG MV immunoblots. This is consistent with other serological studies, demonstrating Ab reactivity to many mycobacterial antigens in a higher proportion of smear-positive compared to smear-negative TB patients (reviewed in 28 ). We identified three bands at ~36, 25, and 23 kDa that were simultaneously recognized by 16/16 sputum smear-positive, 9/12 smear-negative TB patients and 0/16 TST + controls, of which 9/16 had a negative and 7/16 a positive IGRA result indicative of LTBI. Optimal cut-off for intensity of all bands was 30,000 pixel 3 as determined by ROC (Fig.  4C&D) , a setting that demonstrated > 90% sensitivity (95% CI 72-98%) with 100% specificity (95% CI 80-100%) for all samples combined. Of note, the 3 smear-negative TB patients without Abs to the 3 MV proteins had evidence of disseminated TB. We also identified a band at ~95 kDa with 11/16 TST+ control sera (regardless of IGRA result) which was not seen with any of the sera from the 28 TB cases. These findings are suggestive of the notion that some of the Abs against mycobacterial MVs could have protective function.
To further identify the major bands reactive with TB+ sera, MV blots were probed with available mAbs against MV proteins with a corresponding molecular mass, Ag85 (~34-37 kDa) and the lipoprotein LprG (~25 kDa). The band ~25 kDa was strongly reactive with the mAb α-RV1411c suggesting that this band contained LprG (Fig. 5) . No reactivity was observed with the two mAbs CS-90 and IT-44 indicating that the band recognized at ~36 kDa did not consist of Ag85 complex components.
Discussion
This is the first study demonstrating that MVs from pathogenic mycobacteria are strongly immunogenic in HIV uninfected patients with pulmonary TB. Our results show that certain proteins enriched in M. tuberculosis and BCG MVs elicit serum IgG responses in both smear-positive and smear-negative TB patients but not in TST+ BCG vaccinated healthy controls with or without LTBI. We identified 3 bands at ~36, 25, and 23 kDa, that, when recognized simultaneously in immunoblots, may constitute a highly sensitive and specific Ab biomarker signature for TB that has diagnostic potential.
Historically, MVs have largely been studied in Gram negative and lately also in Gram positive bacteria where their release facilitates the transportation of virulence factors into the host 29, 30 . MVs differ significantly from exosomes in that MVs are directly released by bacteria, while exosomes are secreted by (infected) mammalian cells. Immunogenicity of MVs was demonstrated for several organisms such as N. meningitides, S. typhimurium, V. cholera and B. anthracis by immunization studies, which, except for N. meningitides were mostly performed in mice [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . We now show that MVs released by pathogenic mycobacteria induce a strong serological response in TB patients which, in accordance with the studies of bacterial MVs as well as prior serological studies with other M. tuberculosis antigens, is based predominantly on IgG with lower IgM and IgA responses ( 34, 36 and reviewed in 28 ).
Our results reveal that the serological responses are induced by several M. tuberculosis and BCG MV-associated antigens, and suggest that a considerable portion might be elicited by AM, a capsular polysaccharide antigen and the highly immunogenic fraction of the cell wall glycolipid LAM. In agreement with one of our prior studies, demonstrating significantly higher IgG titers against AM in smear-positive than in smear-negative patients, we also found significantly higher IgG titers against M. tuberculosis MVs in smear-positive compared to smear-negative TB patients 21 . Interestingly, while Ab responses to M. tuberculosis MVs were significantly different between smear-positive and smear-negative TB, Ab responses to BCG MVs were not. This indicates that some of the MV-associated antigens, especially those that are cell wall associated, might differ in composition and be more immunogenic in M. tuberculosis compared to BCG. Ab responses were significantly lower in controls than in TB cases and not different between TST+ IGRA− and TST+ IGRA + controls, indicating that neither BCG vaccination nor LTBI induce considerable Abs against whole MVs.
For a variety of infectious diseases immunoblotting is more accurate and discriminating than other Ab-detection methods [41] [42] [43] . In line with these studies, we identified a signature pattern rather than reactivity with individual proteins. We demonstrated that the simultaneous presence of Abs to 3 MV proteins at ~36, 25, and 23 kDa constituted a highly sensitive and specific TB Ab biomarker, detecting 100% of smear-positive and 75% of smear-negative TB but none of the TST+ controls. Given that we can achieve comparable serological specificity with both M. tuberculosis and BCG MVs, we believe that the Ab signature is in response to a sufficient antigen concentration resulting from a large M. tuberculosis burden releasing MVs (and causing disease) because it was absent in asymptomatic individuals with a history of exposure to other mycobacteria (e.g. BCG vaccination) or with LTBI. These are particularly promising results as TB serodiagnostic assays can lead to simple POC tests but currently available serologic tests, most of which are ELISA-based, lack sufficient sensitivity and specificity, especially in patients at early disease stages 16, 18, 20, 28 . We feel that a sensitivity of around 75% in smear-negative TB patients has considerable clinical value as these patients would not be detected by sputum smear microscopy which is often the only diagnostic test available in resource-limited settings.
Our data indicate that certain antigens enriched in mycobacterial MVs, many of them lipoproteins which are membrane and cell-wall associated 19 , are highly immunogenic. Despite the recent possibility to screen for Abs to the entire M. tuberculosis proteome 44 , the identification of MV proteins via immunoblots can provide additional diagnostic information because the array of membrane proteins on chips is challenging 45 . Furthermore, currently available chips utilize proteins expressed in E. coli with limited post-translational modifications. Hence, our MV-based approach could identify Ab responses that might not be detectable with currently available microarrays.
Three smear-negative TB patients without Abs to the 3 MV proteins had evidence of disseminated TB. We also identified a band at ~95 kDa with 11/16 TST+ control sera (regardless of IGRA result) which was not seen with any of the sera from the 28 TB cases. Although cell-mediated immunity undoubtedly plays the main role in the defense against TB, these findings raise the possibility that Abs against some MV proteins might also be involved in the protection against TB. Many studies have provided evidence that protective and non-protective Abs exist. For example, monoclonal Abs to mycobacterial antigens, ranging from surface proteins to polysaccharides, can protect mice against experimental infection [46] [47] [48] [49] [50] [51] [52] [53] , and three recent serum transfer studies within the same species (mice) or from humans to mice have shown protection against TB [54] [55] [56] . In contrast, the absence of Abs has been associated with susceptibility to TB as well as disseminated TB (reviewed in 57 ). Thus, although the role of Abs in the protection against TB remains uncertain, our findings warrant further investigation.
The accuracy of diagnostic tests is often overestimated when comparing patients with the disease to healthy controls 58 . Furthermore, our study was limited by small sample size. Thus, larger studies including patients with respiratory diseases other than TB as well as HIV-associated TB are warranted to further validate our MV-based TB biomarker signature. This will require identification and expression of our candidate MV proteins. We have previously identified ~50-60 Mtb and BCG MV-associated proteins ( 19 and supplemental material). About 20 of these proteins have a molecular mass that corresponds to that of our major immunoblot bands. Five of these 20 proteins, namely Ag 85-A, B & C (~34-37 kDa), MPT64 (~25 kDa), and LprG (~25 kDa) were previously associated with TB 16, 18, 28, 44 . Our results suggest that the band ~25 kDa represents LprG, a lipoprotein that was recently identified as a serologic target 44 . Further studies to evaluate the accuracy of this protein for the serodiagnosis of TB are lacking. On the other hand, the band ~36 kDa was not reactive with two different mAbs against the Ag85 complex. Therefore, it appears that both new and known Ab targets are among the candidate MV proteins. Nevertheless, we stress that the novelty of our approach includes signature pattern rather than Ab reactivity with individual proteins.
In conclusion, we demonstrate a strong humoral immune response in TB patients against MVs of pathogenic mycobacteria. Our results indicate that Ab responses to certain proteins enriched in mycobacterial MVs may constitute a novel TB Ab biomarker signature that has the potential for diagnostic information. Larger studies are needed to validate these findings. BCG and M. tuberculosis MV immunoblots probed with sera from a TST+ IGRA+ control and smear-positive TB patients, and mAbs against the Ag 85 complex (IT-40 and CS-90) and the lipoprotein LprG. The mAb against LprG is reactive, while no reactivity is observed with mAbs against Ag 85.
